The mechanism by which dipicolylamine (DPA) chelate-appended fluorophores respond to zinc was investigated by the synthesis and study of five new analogs of the 2′,7′-dichlorofluorescein-based Zn 2+ sensor Zinpyr-1 (ZP1). With the use of absorption and emission spectroscopy in combination with potentiometric titrations, a detailed molecular picture has emerged of the Zn 2+ and H + binding properties of the ZP1 family of sensors. The two separate N 3 O donor atom sets on ZP1 each converge to form binding pockets in which all four heteroatoms participate in coordination to either Zn 2+ or protons. The position of the pyridyl group nitrogen atom, 2-pyridyl or 4-pyridyl, has a large impact on the fluorescence response of the dyes to protons despite relatively small changes in pK a values. The fluorescence quenching effects of such multifunctional electron-donating units are often taken as a whole. Despite the structural complexity of ZP1, however, we provide evidence that the pyridyl arms of the DPA appendages participate in the quenching process, in addition to the contribution from the tertiary nitrogen amine atom. Potentiometric titrations reveal ZP1 dissociation constants (K d ) for Zn 2+ of 0.04 pM and 1.2 nM for binding to the first and second binding pockets of the ligand, respectively, the second of which correlates with the value observed by fluorescence titration. This result demonstrates that both binding pockets of this symmetric, ditopic sensor need to be occupied in order for full fluorescence turn-on to be achieved. These results have significant implications for the design and implementation of fluorescent sensors for studies of mobile zinc ions in biology. . Supporting Information Available. Figures S1-S6 depict fluorescence pH titrations for 4-6, the ORTEP diagram of both independent molecules in the asymmetric unit of 2, absorption pH titration spectra of 2 and 3, the absorption and fluorescence spectra of 1 at low pH values, and the potentiometric titration curves for 1 in the presence and absence of ZnCl 2 . Table S1 lists the crystallographic parameters for 1, 2, and 6 and CIF files are available. This material is available free of charge via the Internet at
Introduction
The last several years have seen substantial growth in the field of ion-selective fluorescence sensing, including the detection of transition metal ions, 1-5 alkali and alkaline earth metal cations, 6,7 protons, 8-10 and anions. 11-13 Because of the biological relevance of these species, many detection efforts have focused on the use of fluorescent sensors in cells and tissues. [14] [15] [16] Interest in biological Zn 2+ is especially high, particularly loosely-bound, mobile populations of the ion in various human tissues including, but not limited to, the pancreas, 17, 18 intestine, 19,20 retina, 21,22 and brain. [23] [24] [25] [26] Although the application of fluorescencebased functional imaging in a biological setting is the ultimate goal, the continued development of improved sensors depends on achieving a thorough understanding of the underlying chemical properties of the available constructs.
Many ion sensors are based on the well-known fluorophore-spacer-receptor design, in which an alkyl spacer separates the fluorescent component from the analyte-binding receptor. 1 "Turnon" sensors are often described as functioning by means of a photoinduced electron transfer (PET) mechanism, 27 whereby the receptor unit serves as an electron donor in the absence of analyte, quenching the fluorophore excited state. Upon binding of the analyte to the receptor, electron transfer is prevented and the quenching mechanism is blocked. Descriptions of this process are usually qualitative in nature, although some worthy efforts have been directed toward quantifying the energetics of electron transfer by employing redox potentials 28-30 or through theoretical computations. 10, 31 When the receptor component of such a fluorescent sensor is composed of a single heteroatom or small chemical unit, the quenching behavior of the compound is easily identified. 32 One recent study explored the possibility that more distal heteroatoms in a complex fluorescein derivative might serve as electron donors in the quenching process. 33 In our previous descriptions of sensors bearing the 2,2-dipicolylamine (2,2-DPA) moiety as the receptor, the tertiary nitrogen atom has been cited as the electron donor in the metal-free state; 34 however, some experiments have linked the fluorescence change of related pyridyl-appended sensors at low pH values to protonation of the pyridyl group (Figure 1 ). 9,35 Other reports, using sensors with an extended receptor group that includes 2,2-DPA, ignore any potential quenching contribution from this unit, focusing instead on a more proximal electron donor. 36, 37 Since the report of our first fluorescent Zn 2+ sensor, Zinpyr-1 (1, Chart 1), 38 we have prepared a variety of analogs with a range of receptor units, binding affinities, and fluorescent responses. [39] [40] [41] During the same interval, we evaluated their ability to detect labile zinc in cells and neuronal tissue. 42, 43 Although many compounds can provide qualitative images of mobile zinc in live cells, it is desirable to identify and quantitate subcellular zinc pools as part of the process of understanding the role of this important metal ion. This goal cannot be realized without thorough knowledge of the fluorescence behavior of the sensors in relation to their ion-binding properties.
Despite their relative ease of synthesis, symmetrical members of the Zinpyr family of sensors are fairly complex in terms of structure, with two separate metal-binding pockets and several potential protonation sites (Chart 1). Although a few properties were identified that led to improvements to reduce proton-based background fluorescence and to tune the Zn 2+ affinity, 44 a complete understanding of the solution equilibria and photophysical behavior of these compounds is lacking. To address this deficiency, a series of new ZP1 analogs was synthesized, modifying the receptor groups to tune both the proton affinity and contribution to fluorophore quenching. As described here, by using a combination of spectrophotometric and potentiometric pH titration methods, we obtained a complete set of pK a values for ZP1 and, using this information, have been able to identify the protonated and zinc-bound species in solution responsible for fluorescence turn-on over a wide pH range. This analysis has also led us to revise some previously reported properties of this sensor, including the Zn 2+ affinity and extent of fluorescence response to increasing equivalents of both Zn 2+ and protons. The results represent a significant step forward in elucidating the solution chemistry of complex ionresponsive fluorescent probes and provide a paradigm for future work in this area.
Experimental Section
Reagents 2′,7′-Dichlorofluorescein (DCF) was purchased from Avocado and recrystallized from EtOH before use. Solvents were supplied by Mallinckrodt and used as received. PIPES, piperazine-N,N′-bis(2-ethanesulfonic acid), and 99.999% KCl were purchased from Calbiochem. The synthesis of 1,5-bis(phthalimido)-3-azapentane (11) was previously described. 45 All other reagents were purchased from Aldrich and used as received.
General Methods
NMR spectra were obtained on a Bruker 400 MHz spectrometer at ambient temperature and referenced to the residual proton resonance of the deuterated solvent. Low-resolution mass spectra were obtained by using an Agilent 1100 Series LC/MSD mass spectrometer. Highresolution mass spectra were provided by staff at the MIT Department of Chemistry Instrumentation Facility using a Bruker Daltonics APEXIV 4.7 Tesla FT-ICR mass spectrometer.
Spectroscopic Measurements
Optical absorption spectra were collected with a Cary 1E spectrophotometer and fluorescence emission spectra were recorded with a Photon Technology International QM-4/2003 fluorometer. Measurements at pH 7.0 were performed in aqueous buffer containing 50 mM PIPES and 100 mM KCl. Solutions for quantum yield measurements under basic conditions contained 0.1 M NaOH with no additional electrolyte. Extinction coefficients were obtained at pH 7.0 using dye solutions in the range 0.1-1.0 μM. All quantum yield measurements were performed with a dye concentration of 0.3 μM, exciting each fluorophore at its wavelength of maximal absorbance. Emission spectra were integrated from 490-700 nm after subtracting the signal caused by scattered excitation light. Fluorescence pH titration curves were acquired using a solution containing 10 mM KOH, 100 mM KCl, and 1.0 μM dye, to which was added aliquots of dilute aqueous HCl. Readings at several points between pH 2-10 were recorded using an Orion 720A pH meter. Samples were maintained at 25 ± 1 °C using a circulating water bath for all spectroscopic measurements.
Potentiometric Titrations
A Mettler Toledo T70 Automated Titrator equipped with a DG-111-SG glass electrode, calibrated against standard buffers, was used for all potentiometric titrations. Solutions were prepared from Millipore water that had been degassed by boiling under low pressure for at least three hours. 46 Samples were maintained at 25 ± 1 °C by circulating temperature-regulated water through the jacketed titration vessel during all experiments. Initial solutions of ligands 7-10 contained 1 mM of the neutral molecule and three equivalents of HCl. Compounds 1-3 (0.6-1 mM) were predissolved in 1 mL of 1.0 M HCl and diluted with water. Samples were titrated with ca. 0.1 M NaOH, which was standardized against potassium hydrogen phthalate before each series of titrations. Analysis of the data was performed by using the HYPERQUAD2006 v3.1.48 computer program. 47 For each compound, the proton dissociation constants (pK a values) were determined from three separate titrations. The number of protonation equilibria was allowed to vary during the construction of computer models for titrations of 1-3. In each case, the best fit was obtained for a six-proton system. Titrations of 1 and 10 in the presence of one equivalent of ZnCl 2 were used to calculate dissociation constants (K d values) for Zn 2+ . The previously determined pK a values were held constant during refinement of the K d values. In all cases, the triplicate data sets for each compound were combined for determination of the dissociation constants, which in turn were used to compute theoretical titration curves for comparison with the experimental ones. Titration solutions contained 100 mM KCl as the electrolyte to maintain constant ionic strength and log(K w ) was defined as 13.78, which is appropriate for these conditions. 48
X-ray Crystallographic Studies
Single crystals were coated with paratone-N oil, mounted at room temperature on the tips of glass fibers or nylon loops (Oxford magnetic mounting system), and cooled under a stream of cold N 2 maintained by a KRYO-FLEX low-temperature apparatus. Intensity data were collected on a Bruker APEX CCD diffractometer with graphite-monochromated Mo Kα radiation (λ= 0.71073 Å) controlled by a Pentium-based PC running the SMART software package. 49 A total of 2800 frames were acquired for each measurement. The structures were solved by direct methods and refined on F 2 by using the SHELXTL software. 50,51 Empirical absorption corrections were applied with SADABS 52 and the structures were checked for higher symmetry with PLATON. 53 All non-hydrogen atoms were refined anisotropically. In general, hydrogen atoms were assigned idealized positions and given thermal parameters equivalent to either 1.5 (methyl hydrogen atoms) or 1.2 (all other hydrogen atoms) times the thermal parameter of the atom to which they were attached. The hydrogen atoms of O1 and O3 of the hydroxyl groups in all three structures were located from the electron density map, respectively, as were the hydrogen atoms of the water molecule in the structure of 1.
Compound 6 crystallizes without solvent, whereas compound 1 crystallizes with one molecule each of MeCN and water. There are two independent molecules in the asymmetric unit of crystalline 2. A pyridine ring in one of these molecules was modeled as disordered over two positions with relative occupancies of 69:31.
(2-Pyridylmethyl)(4-pyridylmethyl)amine (2,4-DPA, 8)
A solution of 4-(aminomethyl)pyridine (0.95 mL, 9.4 mmol) and 2-pyridylcarboxaldehyde (0.95 mL, 9.9 mmol) in 10 mL of MeOH was stirred for 5 min before adding NaBH 4 (403 mg, 10.6 mmol) slowly over 5 min. The resulting red solution was stirred overnight, followed by addition of 10 drops of concentrated HCl. The solution was concentrated to afford a red oil then diluted with 50 mL of H 2 O. Extraction into CHCl 3 , washes with sat. aq. NaHCO 3 , drying over MgSO 4 , and evaporation of solvent yielded an amber oil. Flash chromatography on a silica column (CH 2 Cl 2 :MeOH gradient from 40:1 to 20:1) gave 872 mg (48 %) of a yellow oil. 1 13 
Di(4-pyridylmethyl)amine (4,4-DPA, 9)
To a solution of 4-pyridylcarboxaldehyde (0.95 mL, 10 mmol) and 4-aminomethylpyridine (0.91 mL, 9.0 mmol) in 10 mL of MeOH was added NaBH 4 (360 mg, 9.5 mmol) slowly over 2 min. The resulting red solution was stirred overnight before quenching with 10 drops of concentrated HCl. The solution was concentrated to give an oil, then diluted with 20 mL of H 2 O and made basic with additions of solid Na 2 CO 3 . The material was extracted into CHCl 3 , washed with sat. aq. NaHCO 3 , dried over MgSO 4 , and concentrated to an oil. Flash chromatography on a silica column (CH 2 Cl 2 :MeOH gradient from 20:1 to 9:1) yielded 450 mg (25 %) of a yellow oil. 1 
9-(o-Carboxyphenyl)-2,7-dichloro-4,5-bis[di(4-pyridylmethyl)aminomethyl]-6-hydroxy-3xanthenone (4-DPA-DCF, 3)
A suspension of di(4-pyridylmethyl)amine (159 mg, 0.797 mmol) and paraformaldehyde (24.4 mg, 0.813 mmol) in 6 mL of MeCN was stirred at 80 °C for 20 min before adding a suspension of DCF (102 mg, 0.254 mmol) in 12 mL of MeCN. After stirring overnight at 80 °C, the mixture was allowed to cool to room temperature and filtered. The resulting solid was washed with MeCN, Et 2 13 
9-(o-Carboxyphenol)-2,7-dichloro-4,5-bis(dibenzylaminomethyl)-6-hydroxy-3-xanthenone (DBA-DCF, 4)
A suspension of dibenzylamine (250 μL, 1. 
9-(o-Carboxyphenol)-2,7-dichloro-4,5-Bis{Di[2-ethyl(2-Methyl-isoindole-1,3-dione)] aminomethyl}-6-hydroxy-3-xanthenone (12)
A suspension of 11 (280 mg, 0.771 mmol) and paraformaldehyde (25 mg, 0.83 mmol) in 12 mL of 1:1 DMF:MeCN was stirred at 70 °C for 20 min, forming a homogeneous solution. A suspension of DCF (100 mg, 0.249 mmol) in 8 mL of MeCN was added and the mixture was stirred at 70 °C for 48 h. After cooling to room temperature, the resulting solid was filtered and washed thoroughly with MeCN, Et 2 O, and pentane, yielding 154 mg of pink powder (54 %). 1 
9-(o-Carboxyphenol)-2,7-dichloro-4,5-Bis[di(2-aminoethyl)aminomethyl]-6-hydroxy-3xanthenone (DETA-DCF, 5)
Hydrazine monohydrate (0.50 mL, 10 mmol) was added to a suspension of 12 (60 mg, 52 μmol) in 10 mL of EtOH, changing the color to bright pink. The mixture was heated at 80 °C for 4 h, cooled to room temperature, filtered, and washed with MeCN, Et 2 O, and pentane. The solid was mixed with MeOH for 1 h before filtering and dissolution in MeOH with a minimal amount of concentrated HCl. The solvent was removed and the solid was thoroughly washed with MeOH, yielding 32 mg (96 %) of a glassy orange solid. 1 
Results and Discussion

Syntheses
In order to investigate the role of various heteroatoms in zinc-binding receptors used to image mobile Zn 2+ by fluorescence, we prepared analogs of ZP1 (1, Chart 1) as the most attractive targets for study. The synthesis from commercially available DCF is more straightforward than that required for non-chlorinated analogs such as ZP2. 34 The route to fluorophores 2-6 (Chart 1) employs standard Mannich-like reaction conditions and affords symmetric probes. Extra steps to protect then deprotect the primary amine groups of DETA were required to prepare 6 (Scheme 1). Previous protocols employed H 2 O and MeCN solvent mixtures, but in most cases MeCN alone provides better results and in some cases diffraction quality crystals grow by slow evaporation of the solvent from the reaction solution.
The secondary amine precursors to 2 and 3 were prepared by following a procedure for a similar compound, 54 although the yields were unexpectedly low, there being at least one other major, unidentified product in each case. Diethylamine is commercially available and the target DEA-DCF was synthesized in adequate yield (52 %) and excellent purity. Dibenzylamine is also commercially available but it and the corresponding fluorophore 4 have rather poor solubility at and below pH 7, making potentiometric titrations impractical and preventing complete characterization. Intermediate 12 also suffered from poor solubility, as did final compound 6.
Spectroscopic Properties
Pertinent spectroscopic properties of compounds 1-6 are summarized in Table 1 . Unless otherwise noted, all measurements were performed at pH 7. Each of these compounds absorbs strongly in the visible range, with λ max between 504 and 519 nm and a spectrum characteristic of fluorescein derivatives. All of the compounds display fluorescent turn-on in response to protons and a fluorescence-based pK a value was determined for each (Figures 2 and S1, Supporting Information), with 1 displaying a two-step turn-on. The latter observation is inconsistent with our previously reported titration curve for 1, 34 but is believed to be correct for several reasons. The new curve was constructed from a set of titrations with many more data points than previous ones, yielding more detail. Additionally, this curve matches quite well those for ZP1(5-CO 2 H) and ZP1(6-CO 2 H), 42 as expected since addition of a carboxyl group to the "bottom ring" should not have a significant effect on the basicity of the binding pockets. Finally, the new titration curve agrees with expectations from the speciation model derived from potentiometric titrations (vide infra).
Under basic conditions (0.1 M NaOH), 1 and 6 have the same low quantum yield (Φ) of 0.009. Since the electron-donating ethyl groups of DEA make its nitrogen atom a strong electron donor, significant quenching is expected according to the Rehm-Weller model of PET. 28 Electron donation from the DPA tertiary nitrogen atom is expected to be weaker due to the proximity of the electron-withdrawing pyridyl groups. Since these two compounds exhibit the same Φ value, it would appear that all four pyridyl groups of 1 contribute to its quenching, a conclusion supported by the potentiometry results below. The low F value for DBA-DCF in basic solution also suggests that its phenyl units play a role in the quenching process. It seems more likely, however, that the greater hydrophobicity of the aromatic rings in this latter compound promotes π-stacking interactions that disrupt the fluorescence. 56
Although there are only three compounds to compare, there is a noticeable trend in Φ values for the pyridyl-based sensors in basic solution. The quantum yield is lowest for 1, which has four 2-pyridyl groups, and highest for 3, which has four 4-pyridyl groups. The value for 2, with an equal mixture of substitution positions, is intermediate. This trend suggests that the pendant pyridyl arms participate in fluorescence quenching. Further evidence of such pyridyl-based quenching is presented below in the section discussing potentiometric results.
Potentiometric Titrations
Model Compounds-Since 1-6 are relatively complex molecules, each having two identical Zn 2+ binding sites and many potential protonation sites, we began this part of our study by analyzing the properties of a simpler set of compounds. Potentiometric titrations were performed on the three parent DPA ligands, 7-9 (Chart 1 and Figure 3 ), and the derived pK a values are reported in Table 2 . We were unable to assign a value to pK a1 for 7 under our experimental conditions, so values from a previous study 57 are listed.
For the DPA ligands, pK a3 shifts to lower values as the pyridyl nitrogen atoms are directed away from the central amine nitrogen atom. This trend indicates that, although the first proton is expected to bind to the electron-rich central nitrogen atom, the 2-pyridyl groups participate as hydrogen bonding acceptors for that proton. Since 4-pyridyl groups cannot contribute in this manner, the associated pK a values are shifted higher, toward the value for free pyridine (pK a = 5.17), 58 but do not reach that value because of the nearby positive charge from the protonated central nitrogen atom.
Before attempting an analysis of 1 by potentiometry, we also synthesized and studied model compound 10 (Chart 1 and Table 2 ). Its para-nitro substituent enhances the acidity of the phenol group and the pK a3 value is 7.99, making this compound a reasonable mimic for one of the binding pockets in 1. The 0.29 pM K d value for Zn 2+ calculated from potentiometric titrations of a 1:1 metal:ligand mixture seems unusually high until one considers related compounds from the literature (Figure 4 ). Diethylene-triamine has a K d value for Zn 2+ of 1.6 nM, 59 and addition of a pendant phenolic group to the central nitrogen atom increases that affinity by several orders of magnitude (K d = 0.85 fM), despite only a modest increase in basicity. 60 Since the dissociation constant of Zn 2+ for DPA is 160 nM, 57 the affinity for phenol-appended model Sensors-Representative titration data and the corresponding model curves for 1-3 are shown in Figure 5 , and the calculated pK a values are reported in Table 3 . Limited solubility affected our ability to model the lowest two dissociation constants for 1-3 since the calculated K a values are on the same order as the concentrations used in the titrations. 46 In such cases, the relevant dissociation constants have questionable physical validity, but the quality of the fit to the titration data is improved, especially in the low pH range, by their inclusion. Like the structurally similar compound TPEN, which can support a +4 charge from protonation at pH 3 (pK a1 = 2.85), 61 larger, dianionic 1 can accommodate six protons to achieve the same charge at a similar pH. Separate models containing from four to seven protonation events were evaluated and the best fit was obtained for the six-proton model. Although a mixed solvent system utilizing MeOH or DMSO together with water would probably have increased the solubility of these compounds, we chose to maintain purely aqueous conditions so that the results from these titrations could be directly related to those from spectroscopic measurements of these and related compounds. Fortunately, the most important fluorescence behavior occurs at higher pH values and the overall analysis is not affected by uncertainty in the lowest two pK a values. The solubilities of 4 and 5 were insufficient over the desired pH range to perform a meaningful analysis. The dissociation constants of 6 are expected to be higher than that of diethylamine (pK a = 10.93) 58 and were outside of the range of measurement under our conditions. Two opposing trends emerge from the results in Table 3 . The two highest pK a values decrease as 4-pyridyl groups substitute for 2-pyridyl groups. The trend reverses for pK a4 through pK a1 , with the values increasing as more pyridyl groups are substituted in the 4-position. The reason for these trends becomes clear with the assignment of the dissociation constants to specific protonation sites (vide infra).
Crystallographic Insights-As with the parent ligand arms, 7-9, the pyridyl groups of 1-3 are also expected to help stabilize protons in the two binding pockets, with an additional contribution from the phenolic oxygen atoms. The crystal structures of 1, 2, and 6 ( Figure 6 ) clearly reveal protons, located from difference electron density maps, bound to the phenolic oxygen atoms of both pockets. For 1 and 6, these protons are within reasonable hydrogen bonding distance (Table 4 ) of the tertiary nitrogen atoms. Additionally, each binding pocket of 1 has one pyridyl nitrogen atom in reasonably close contact with the bound proton, lending support to the idea that all of the atoms in the N 3 O binding group help to stabilize protons in the pockets. The other two pyridyl arms of 1 interact with one another through a bridging water molecule in the crystal structure. In solution, the equivalent pyridyl arms would contribute equally, although modestly, to proton stabilization. Two different conformations were found in the asymmetric unit of the crystal lattice of 2, with an intermolecular interaction reducing the number of hydrogen bonds within the binding pockets ( Figure S2 ). Any such intermolecular bonding feature is expected to be minimal in solution, however, where in-pocket bonding should dominate. A summary of crystallographic parameters for 1, 2, and 6 is given in Table  S1 .
Determination of Protonation Sites-Protons occupying the binding pockets draw electron density from the phenolic oxygen atoms, reducing conjugation through the xanthenone π-system. This electronic effect is exhibited as a small (ca. 10 nm) shift in the optical spectrum as the pH is lowered. For 1, this hypsochromic shift occurs over the pH range bracketing the two highest pK a values (Figure 7) , reinforcing the conclusions that the two phenolic oxygen atoms are involved in proton binding and that the tertiary nitrogen atoms are not the sole sites of protonation. The same spectral shift occurs for 2 ( Figure S3 ) but not for 3 ( Figure S4) , the least basic of the set. Since the unprotonated molecule is completely symmetrical, the highest pK a value represents a statistical combination of two equally basic sites. A single binding pocket would be expected to have a pK a value approximately 0.3 units lower. 62 Once the first proton is bound, however, electronic communication through the xanthenone system lowers the basicity of the other pocket, contributing to the separation between these two acid dissociation constants.
The third proton binds to any one of the four equivalent pyridyl groups. The pK a value associated with this event, despite being increased by a statistical factor, is lower than that for free pyridine owing to the weak interaction with the proton already present in the binding pocket. The next three protonation sites are assigned to the remaining pyridyl groups, with gradually decreasing pK a values due to the build up of positive charge in the vicinity of the binding pockets.
Another potential protonation site that was considered is the carboxylate group on the "bottom ring" of 1, which has been discussed for both anionic and neutral forms of fluorescein. 63 In the pH range covering the lowest two pK a values, however, there is a simultaneous decrease in the absorbance and emission intensities ( Figure S5 ). This observation suggests that the unprotonated carboxylate group has closed to form the lactone isomer, which neither absorbs in the same spectral range as the ring-open form nor fluoresces. Ab initio calculations have revealed such a preference for the lactone isomer over the quinoid, carboxylate-protonated form. 64 Although some amount of solvation energy is lost with lactone formation, the negative charge on the free carboxylate group gets redistributed to the phenolic oxygen atoms, where positive charge has accumulated due to nitrogen atom protonation. At any rate, the absorption and emission bands are only diminished, not extinguished, such that an equilibrium exists between the ring-open and -closed forms.
Combining the various results and observations from crystallography, spectroscopy and potentiometry, we have been able to construct a fairly detailed picture of the protonation states of 1 over a wide pH range (Scheme 2). The number of potential protonation sites, along with the narrow spread of dissociation constants, makes a definitive assignment of all the microstates in this system difficult but we find this model to represent the data reasonably well.
Correlation of Fluorescence Behavior with Proton
Equilibria-Using the calculated pK a values for 1-3, speciation plots were constructed and overlaid with the fluorescence pH titration curves for each compound (Figures 8-10 ). For 1, the initial fluorescence increase occurs upon binding of the second proton, corresponding to occupancy of both binding pockets. A second, smaller increase occurs during the binding of two additional protons. Since the binding sites for these two protons are assigned as pyridyl groups, we conclude that the pyridyl arms of DPA are not innocent bystanders in the quenching mechanism of these compounds. In fact, the main "turn-on" for 3 does not occur concurrently with formation of the diprotonated species, which is expected to have both tertiary nitrogen atoms bound to protons. Instead, the fluorescence of 3 begins to increase significantly only when the third and fourth protons bind to pyridyl groups. At lower pH values, the absorbance spectra of 3 diminish along with the emission spectra (not shown), suggesting formation of the lactone isomer. If not for this isomerization, protonation of the remaining pyridyl groups might allow for an even greater increase in fluorescence emission. The same pattern is evident for 2, but with approximately equivalent turn-on contributions from protonation of the binding pockets and the subsequent pyridyl protonation.
Our results indicate a clear trend between the protonation state of the pyridyl arms of these fluorophores and their fluorescence response, but the mechanism for this behavior remains to be determined. Although a pyridinium group can act as an electron acceptor, quenching the emission of an attached fluorophore, 9,29,35 we know of no previous examples of a free pyridyl group acting as a quenching unit in a PET-based sensor and it is unlikely that PET is the underlying cause for this secondary turn-on behavior. There are examples of fluorophores that are quenched through a process involving hydrogen bond formation with pyridine, 65,66 and such bonds exist in the diprotonated forms of 1 and 2. No intramolecular pyridyl-to-fluorophore hydrogen bonds are possible in 3, however, so this mechanism for quenching from the pyridyl units can be dismissed. An analysis based on the Rehm-Weller formalism 28 and the utilization of electrochemistry, transient absorption spectroscopy, and computational methods may help explain this pyridyl-based quenching behavior, topics for future investigations.
Zinc Coordination-With the pK a values for 1 in hand, further titrations were performed in the presence of ZnCl 2 in order to determine the relevant dissociation constants. The solubility of these mixtures was insufficient to complete all of the desired titrations, and solutions containing greater than a 1:1 metal-to-ligand ratio became cloudy over the course of the experiment, rendering the experimental results unsuitable for analysis. Therefore, we were limited to experiments containing 1 equivalent of ZnCl 2 and data from these trials were used to determine K d1 and to approximate K d2 ( Figure S6 ). In addition to protonated and zinc-bound species, the mixed species (HLZn) + , (H 2 LZn) 2+ , and (H 3 LZn) 3+ were included in our computer model. A complete set of −logK values from our calculations for 1 are reported in Table 3 . Very tight binding values are difficult to model accurately by potentiometry, but the consistency between multiple data sets, as reflected in the small standard deviation values, give us confidence in the reported binding constants. From these values, a speciation plot was constructed for 1 in the presence of 1 equivalent of Zn 2+ over the pH range 2-10 ( Figure 11) . A titration using the same 1:1 metal-to-ligand ratio was also monitored by fluorescence, and the normalized, integrated emission curve was overlaid on the speciation plot. The result is similar to the proton-only system; that is, significant fluorescence turn-on does not occur until species are formed having both binding pockets occupied. The species LZn has one unoccupied pocket, which causes significant fluorescence quenching and the primary turn-on only occurs with formation of the mixed species (HLZn) + as the pH is lowered. The small amount of dizinc complex that forms under this model leads us to report the second dissociation constant as only an estimated value. A secondary turn-on at low pH occurs with the formation of the pyridylprotonated species (H 2 LZn) 2+ and (H 3 LZn) 3+ .
The previously determined Zn 2+ affinity of 1, 34 measured by fluorescence titration (K d = 0.7 nM), more closely matches the binding affinity for a second Zn 2+ ion determined in this study. The fluorescence-based affinity value was obtained by titrating 1 with zinc in a dual-buffer system to control levels of the "free" ion. Although appropriate for ligands with very high affinities, this approach did not allow for determination of the binding stoichiometry. In order to distinguish the degree of fluorescence turn-on induced by the binding of one versus two zinc ions, a solution of the sensor was titrated with small aliquots of ZnCl 2 (Figure 12 ). There is an initial, small turn-on in the range of 0-1 equivalents of Zn 2+ , caused by partial alleviation of quenching as one binding pocket is occupied, leaving the other receptor pocket to continue to act as an electron donor. The increase in fluorescence becomes significantly greater upon addition of 1-2 equivalents of Zn 2+ since the zinc affinities for both pockets are very strong and all of the donor groups are occupied, such that quenching influences have been removed.
These observations, taken together, lead to the conclusion that, in order for full fluorescence turn-on to occur, protons and/or Zn 2+ ions must occupy both binding pockets of 1 (Figure 13 ). This result is consistent with other reports involving PET-based sensors having two separate quenching/binding arms. 7,32,67 Potentiometric titrations of 2 and 3 in the presence of ZnCl 2 resulted in the precipitation of unbound zinc at high pH values, suggesting that the metal affinities of these compounds are much lower than those of 1.
Summary and Conclusions
We have synthesized a series of Zinpyr-1 (1) analogs, 2-6, based on the parent fluorophore 2′, 7′-dichlorofluorescein. From a combination of spectrophotometric and potentiometric titrations, as well as X-ray crystallography, a detailed molecular picture of the binding states and fluorescence properties of 1 has emerged. Previous conclusions based purely on fluorometric measurements were revised. We report the direct correlation between the fluorescence emission of these compounds and their proton and zinc equilibria over a wide pH range. The first zinc affinity is much higher than previously thought (K d = 0.04 pM) because fluorescence-binding titrations actually reveal the affinity for a second zinc ion. The second binding constant determined in this report (K d = 1.2 nM) is only an estimate due to limitations in solubility but it matches well the value determined by fluorescence (K d = 0.7 nM).
Additionally, we present evidence of separate quenching contributions from the tertiary nitrogen atoms and the pyridyl groups of the DPA receptors in 1 and its isomers 2 and 3. The contribution from the pyridyl groups is of a type not previously reported in PET-based sensors, despite the number of compounds that contain 2,2-DPA as the receptor unit. PET-based quenching by pyridyl groups is unlikely on energetic grounds, and detailed theoretical analyses are required to identify the fluorescence quenching mechanism. Our results again demonstrate the power of potentiometric titrations when used in conjunction with fluorescence spectroscopy to reveal details of the quenching/unquenching mechanisms of complex fluorescent sensors used widely in biological chemistry. 68
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Examples of fluorescent sensors with DPA receptors that exhibit a quenching mode other than electron transfer from the tertiary nitrogen atom. On the left, a protonated pyridyl group acts as an electron acceptor from the excited anthracene ring (Ref. 9). On the right, quenching is ascribed to donation from the aminobenzoate group into the fluorophore (Ref. 37). Comparison of dissociation constants for dien and 7 and the effects of adding a methylenetethered phenolate appendage. A small increase in proton affinity portends a large increase in zinc affinity. Values from refs. 57, 59, 60 and this work. Absorbance spectra of a 1.0 μM solution of 1 containing 100 mM KCl over the pH range 9.67-5.71. An overall hypsochromic shift (519 nm to 511 nm) occurs as the pH is lowered due to protonation of the binding pockets, resulting in reduced conjugation through the π-system of the xanthenone group. Fluorescence pH titration data (circles) for 1 overlaid on a speciation plot created from calculated acid dissociation constants. Fluorescence pH titration data (circles) for 2 overlaid on a speciation plot created from calculated acid dissociation constants. Fluorescence pH titration data (circles) for 3 overlaid on a speciation plot created from calculated acid dissociation constants. Fluorescence pH titration data (circles) for a 1:1 mixture of 1 and ZnCl 2 overlaid on a speciation plot created from the calculated proton and Zn 2+ dissociation constants. The species containing zinc are represented with solid lines and those without zinc are represented with dashed lines. Labels for the minor species are omitted for clarity. Integrated emission response of 0.3 μM 1 at pH 7.0 to increasing amounts of ZnCl 2 . Binding of the first equivalent of zinc to the sensor does not cause as significant a turn-on as binding the second equivalent. Protonation equilibria of ZP1 (1) . The number adjacent to each set of equilibria arrows represents the corresponding pK a value. Charges within the binding pockets have been omitted for clarity.
Chart 1.
Compounds studied and synthetic precursors Table 1 Spectroscopic Properties of (2) a Atoms are labeled as indicated in Figure 6 .
